Abstract: Direct measurements on graded grating structures show that light of different wavelengths in the 500-700nm region is "trapped" at different positions along the grating, consistent with theoretical predictions, thus verifying the "rainbow" trapping effect. Recent theoretical investigations of "trapped rainbow" storage of THz waves in metamaterials [1] and plasmonic graded structures [2] generated considerable interest in novel slow light applications. It was shown that tapered waveguides with a negative refractive index core [1] and graded metallic grating structures [2, 3] were capable of slowing a broadband "rainbow" to a standstill. By scaling the feature size of the graded grating structures down to the nm level, it was theoretically predicted that telecommunication waves and even visible waves can also be trapped [4, 5] . In this work, one-dimensional graded metallic grating structures, whose surface dispersion properties are tailored by tuning the grating depth, were fabricated, and "rainbow" trapping experimentally observed in the visible domain. Such solidstate plasmonic slow-light structures that operate at room-temperature provide a new means to control the group velocity, v g , with the potential for incorporation into light-based (photonic) logic circuits. It was theoretically predicted that the dispersion curves of 1D metallic grating structures, and consequently the v g of SPP modes, can be freely tuned by varying geometric parameters such as groove depth and period [4] . To demonstrate this tunability in the dispersion curves of nanopatterned surfaces, the angular-dependent reflection spectra of silver grating surfaces were calculated using the rigorous coupled-wave analysis (RCWA) method, and their corresponding dispersion curves are plotted in Fig. 1 . In these plots, the period and width of the grooves are 475nm and 150nm, respectively. One can see that the dispersion curve in the first Brillouin zone clearly bends downward from the light line (dashed), indicating a reduced vg for the SPP modes. Moreover, the group velocity reduction is greater for larger groove depths. Fig. 1 also shows that surface photonic bandgaps are created in these periodic nanopatterns. One can see that the bandgap occurs roughly in the 495-546nm wavelength region and broadens with groove depth.
It was theoretically predicted that the dispersion curves of 1D metallic grating structures, and consequently the v g of SPP modes, can be freely tuned by varying geometric parameters such as groove depth and period [4] . To demonstrate this tunability in the dispersion curves of nanopatterned surfaces, the angular-dependent reflection spectra of silver grating surfaces were calculated using the rigorous coupled-wave analysis (RCWA) method, and their corresponding dispersion curves are plotted in Fig. 1 . In these plots, the period and width of the grooves are 475nm and 150nm, respectively. One can see that the dispersion curve in the first Brillouin zone clearly bends downward from the light line (dashed), indicating a reduced vg for the SPP modes. Moreover, the group velocity reduction is greater for larger groove depths. Fig. 1 also shows that surface photonic bandgaps are created in these periodic nanopatterns. One can see that the bandgap occurs roughly in the 495-546nm wavelength region and broadens with groove depth.
Surface plasmon polaritons are known inherently to exhibit slow light behavior, as their group velocity decreases significantly when the photonic band edge is approached [4] . Consequently, with an adiabatically graded grating structure, the dispersion relations vary monotonically with position, so that incoming waves at different frequencies can be "trapped" at different positions along the propagation direction on the grating, indicating the potential for the "trapped rainbow" storage of light. We next discuss the experimental verification of the "rainbow" trapping effect.
A graded grating, designed for the 500-700nm wavelength region, was fabricated by FIB milling, and the surface topology was measured by AFM. The period and the width of the grooves are approximately 475nm and 150nm, respectively. The milling time for each groove was increased steadily to achieve a grating with a linearly graded groove depth. According to the AFM characterization results, shown in Fig. 2 (a) , the surface roughness at the bottom of the grooves is approximately 0.3nm, and the groove depth increases by approximately 1.5~1.8nm with each step. A nanoslit was fabricated at 13μm from the right edge of the graded grooves to function as an SPP coupler. It was illuminated from the bottom to couple free space light to SPP modes on the top surface, and light emanating from the nano-grooves can be observed from the top side. The propagation direction of the input SPP modes is indicated by the arrows shown in Fig. 2 . White light illumination is passed through a multi-band filter (Semrock, with transmission bands centered at 542nm and 639nm), and a colorful emission at red and green wavelengths is observed at different positions and shown in Fig. 2 (b) , demonstrating the "rainbow" trapping effect. Here blue light would not be readily observed with this structure since 464nm is close to the SPP cutoff frequency and the propagation loss is predicted to be high. Subsequently, we used two bright line filters (Semrock) at 546nm (bandwidth 6nm) and 655nm (bandwidth 12nm) to control the illumination wavelengths. According to our theoretical predictions (results not shown here), the green light at 546nm and red light at 655nm should be trapped at the groove depths of approximately 30nm and 60nm, respectively [indicated by the triangles in Fig. 5(a) ]. One can see from Fig. 2 (c) and (d) that the SPP emissions obviously extended to different positions along the graded grating structures. The central positions of the green and red emission fit reasonably well with the theoretical predictions [see triangles in Fig. 2 (b) ].
The bright regions in these figures are relatively broad, possibly arising from: (1) the relatively broad transmission bands of the filters employed in the measurement; (2) increased scattering loss caused by surface roughness at the bottom of the nanogrooves; and (3) the breadth of the dispersion curve at the photonic band edge, and resulting spread in values of group velocity in propagation loss, which is consistent with our previous numerical simulations on trapped "rainbow" in the visible region [4, 5] . If the SPP modes were instead excited and guided from the opposite direction, they would reach the deepest groove first, which is approximately 100nm in depth. Theory predicts that the SPP modes should be scattered at once without propagating in the waveguide. To confirm this prediction, we fabricated another nanoslit positioned 13μm from the left edge of the graded grooves. This nanoslit couples the incident light to SPP modes and guides them in the opposite direction. It is obvious from Fig. 2 (e)-(g) that the emission is scattered at the deepest grooves without further propagation into the grating, which is quite different from the images shown in Fig. 2 (b)-(d) .
In conclusion, the concept of "trapped rainbow" storage of light [1] [2] [3] [4] offers the potential to simultaneously slow down multiwavelengths in a single structure over a broad spectral range. Our results verify that the surface dispersion can be engineered by changing the structure of nanopatterned metallic surfaces. By using a graded surface grating structure, different wavelengths could be "trapped" at different positions on this structure. Although fabrication error and roughness introduce uncertainty, recently developed nanofabrication techniques that produce ultrasmooth patterned metals can be utilized to further validate theoretical predictions for this effect [6] . This should allow improvements in design and fabrication of nanopatterned metal surfaces and optimization of their optical properties. These new 'metamaterials' offer the ability to store photons inside solid-state structures at room temperature, with potential application to novel nanophotonic components, integrated photovoltaic devices, and biosensors on a chip. 
